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INTrOduCTION
Chironomid remains, especially the larval head capsules, can be found abundantly in lake sediments. These exoskeleton fragments, originating from moulting and deceased larvae, are preserved for ten thousands to hundreds of thousands of years at a quality which allows microscopic identification usually to genus, or species morphotype, but sometimes also to species level (Brodersen & Bennike 2003; Bennike et al. 2005; Brooks et al. 2007 ). Since lake sediments can be dated with some accuracy using radiometric and other dating methods, these remains can be identified and enumerated to produce records of past changes in chironomid assemblages in lakes. Chironomid larvae are excellent environmental indicators with many species' distribution limited to lakes with particular water chemistry or temperature conditions, or with a particular habitat structure (e.g., Wiederholm 1984; Saether 1979; Eggermont & Heiri 2012) . This, in turn, allows the use of fossil chironomid records for reconstructing past changes in environmental conditions. In recent years fossil chironomids have been amongst the most rapidly developing palaeoecological and palaeolimnological indicators and they have been used for reconstructing past changes in variables such as nutrient concentrations, oxygen availability or temperature in lakes (e.g., Brodersen & Quinlan 2006 , Brooks 2006 Walker & Cwynar 2006) .
Stable isotopic analysis of lake sediment components is another rapidly developing and very successful approach for palaeoenvironmental reconstruction. Since the stable isotopic composition of lake water and the organic matter produced within lakes is influenced by ambient environmental conditions, the analysis of stable isotope pairs such as 2 H (or D)/ 1 H, 13 C/ 12 C, 15 N/ 14 N, and 18 O/ 16 O in bulk sediment samples or individual sediment components allows insights into past environmental changes. For example, the analysis of δ 18 O in diatom silica or lacustrine carbonates has been used to infer past climatic changes based on lake sediment records (Leng & Marshall 2004) . Similarly, analysis of δ 13 C and δ 15 N of bulk organic matter has been used to trace the provenance of sedimentary organic matter (Meyers & Lallier-Vergès 1999) and to reconstruct past nitrogen pollution in lakes (Leavitt et al. 2006) . Chironomid cuticles consist largely of chitin and proteins and the chemical composition of these structures seems to be largely unchanged even in head capsules over ten thousand years old (Verbruggen et al. 2010a) . Chironomid remains preserved in lake sediments are therefore of interest for palaeoenvironmental reconstruction based on stable isotopic analyses. In contrast to many other sediment components, both chitin and proteins include relatively large amounts of nitrogen. Therefore, all the elements commonly analysed for stable isotopes in a palaeolimnological context (H, C, O, N) could be analysed on the same material. Furthermore, since chironomid head capsules can be easily pre-identified under the microscope, non-lacustrine chironomid taxa, belonging to rheophilous, semi-terrestrial or terrestrial groups, can be excluded when preparing samples for analysis. Therefore, the approach may not be as susceptible to contamination from terrestrial or running water sources as stable isotopic analyses of other sediment components such as diatom silica (sometimes affected by contamination with clay minerals) (Leng & Barker 2006) and aquatic cellulose (potentially affected by contamination with terrestrial cellulose) (Wolfe et al. 2001) . Wooller et al. (2004) provided the first stable isotopic record based on fossil chironomids. They analysed δ 18 O in chironomid remains obtained from surface sediments in four lakes in North America and showed that chironomid δ 18 O was related to mean annual air temperature at these sites. Furthermore, they presented down-core records of chironomid δ 18 O which indicated major changes in this variable during the past 100,000 years. Wooller et al.'s (2004) study demonstrated the potential of this new approach: Since both chironomid δ 18 O and changes in the taxonomic composition of chironomid assemblages provide information on past climatic changes they were able to produce two independent temperature reconstructions based on the same indicator group. Changes in the chironomid assemblage composition allowed past surface water temperatures to be estimated using a palaeoecological approach whereas variations in chironomid δ 18 O provided a mean annual temperature reconstruction based on the modern relationship between air temperature and δ 18 O of precipitation.
Since Wooller et al.'s (2004) pioneering work several additional studies focusing on stable isotopes in chironomid remains have been published (Wooller et al. , 2012 Wang et al. 2008; Griffiths et al. 2010; van Hardenbroek et al. 2010 van Hardenbroek et al. , 2012a Verbruggen et al. 2010a Verbruggen et al. , 2011 . It is expected that this approach will become more popular and widely applied once the initial methodology has been developed and the necessary calibration studies and calibration datasets have been produced. Here we review the development of the approach in recent years and discuss both the difficulties and the potential of stable isotopic analyses based on chironomid remains. We believe the major challenge will not only be to develop the methodology to a degree that stable isotopes can be measured reliably on fossil chironomid remains, but also to produce robust and widely applicable datasets that describe the fractionation factors and offsets in isotopic values between the fossils, the living animal tissue and the environment in which the larvae live. We will provide some examples demonstrating how, in our opinion, additional steps towards a mechanistic understanding of the factors influencing stable isotopic composition in chironomid cuticles can be achieved. Finally we will briefly review the available down-core records of the stable isotopic composition of fossil chironomids and provide a brief outlook on expected and necessary future developments within this young research field.
The challenge
The stable isotopic composition of organic structures of lakeliving invertebrates, at least in respect to the four elements H, C, N, and O, is mostly determined by the isotopic composition of the lake water (H and O) and the diet of the animals (C, N, and to a lesser extent H and O). Schimmelmann (2011) recently reviewed the relationship between δ 13 C, δ 15 N, and δ 18 O of diet and chitinous tissues of various terrestrial and aquatic arthropods. However, detailed studies dealing with strictly limnic invertebrate groups, and especially Chironomidae, are still relatively rare. Nielson and Bowen (2010) have shown that the δ 18 O of brine shrimp (Artemia franciscana) chitin is mainly influenced by the isotopic composition of the ambient water, whereas δ 18 O of the food ingested by these invertebrates played only a relatively minor role. In contrast, δD of brine shrimp chitin seemed strongly influenced by both food and water. Wang et al. (2009) demonstrated in laboratory studies that both diet and the stable isotopic composition of the ambient water influence δ 18 O and δD of chironomid larvae, with the isotopic composition of ambient water again having a stronger influence on chironomid δ 18 O than on δD. Laboratory studies with chironomids also indicate that δ 15 N and δ 13 C of their soft tissues can be predicted with a high degree of confidence if the isotopic composition of the food of the larvae is known (Goedkoop et al. 2006) , suggesting that the stable isotopic composition of inorganic C and N does not affect δ 13 C and δ 15 N of the larvae. However, additional laboratory cultivations of chironomid larvae, ideally from a range of different species and taxonomic groups, covering a range of isotopic values of the food and ambient water, and implemented under varying environmental conditions, especially with respect to temperature, will be necessary to confirm these results. For chironomid isotopic techniques to be used for palaeoenvironmental reconstruction additional information and research is needed. First, the offset between soft tissue of the larvae, which is usually analysed for stable isotopes in hydrobiological laboratory and field studies, and the sclerotized, chitinous head capsules, the fossilizing structure of the larvae, will have to be established. Whereas this offset will most likely be minor for some elements, such as C, it may be considerably larger for other elements such as O or H. Second, sample preparation techniques will have to be developed which do not affect the isotopic composition of chironomid fossils. Alternatively, techniques which influence the isotopic composition of the remains may be acceptable if these effects can be corrected for. Again, one can expect that different sample preparation techniques, especially chemical pretreatments, will affect the isotopic composition of different elements to a varying degree. Once the relationship between isotopic composition of fossilizing structures and larval soft tissues is known, and any potential methodological errors are quantified, it will be possible to calculate the expected stable isotopic composition of formerly living larvae based on measurements on fossil remains. For stable isotope pairs with available, published data for chironomids, such as 13 C/ 12 C and 15 N/ 14 N, this may already allow a first interpretation of changes in fossil chironomid stable isotopic values. However, a reliable interpretation of fossil records will have to take into account the role of taphonomy and seasonality in shaping fossil assemblages. Biotic remains produced in lakes can be transported to some extent, usually towards deeper sections of the lake basin, before they are incorporated into sediments (e.g., van Hardenbroek et al. 2011) . At the same time the production of fossilizing structures in chironomids, as in most other lacustrine organism groups, is not uniform over the year and, depending on the species involved, may be biased towards certain periods within the annual cycle. Since they incorporate fossils produced in different parts of the lake and during different seasons, fossil assemblages in lake sediments represent both spatially and temporally integrated samples (Frey 1988) . Therefore, any interpretation of fossil chironomid isotopic records, usually based on compound samples consisting of many chironomid head capsules, will have to take account of these processes and isotopic measurements based on fossil assemblages may only be comparable to a limited extent with measurements based on individual larvae collected in contemporary lake ecosystems. Calibration datasets based on lake surface sediment allow a direct comparison of isotopic measurements on selected sediment components with environmental parameters measured in contemporary aquatic ecosystems (e.g., water chemistry and the isotopic values of available food and water in lakes) (e.g., Herzschuh et al. 2010; Verbruggen et al. 2011; van Hardenbroek et al. 2012a, b) . Such datasets will be necessary for up-scaling measurements based on fossil chironomid remains to allow reconstructions of past environmental changes in lakes and their environment.
METHOdOlOgy
Sample preparation, sample pretreatment, sample sorting, minimum sample weight Methods for obtaining lake sediment cores and for dating these records have been developed and tested over decades and do not need to be modified to work with chironomid-based stable isotopic approaches (e.g., Last & Smol 2001) . Physical and chemical pretreatment methods facilitating the sorting of micro-and macrofossils from sediments, often the most time-consuming step when analysing fossil remains, have similarly been developed over years and tested for a range of fossil groups. For fossil chironomid analysis, sediment sample pretreatment typically involves the use of chemical reagents to eliminate some sedimentary components (e.g., carbonates) and loosen the sediment structure, followed by washing of sediments on a 90-100 µm mesh sieve (e.g., Walker 2001; Brooks et al. 2007 ). The sieve residue is then examined for chironomid fossils under a stereomicroscope (typically at 25-50x magnification) and fossil remains of interest are picked from the other sieve residue using fine forceps. For chironomid stable isotope analysis, remains are typically sorted directly into tin or silver cups suitable for isotope ratio mass spectrometry (IRMS). The stable isotopic composition of the samples is then analysed using IRMS, together with samples of standards with known isotopic composition. If wet samples are sorted under the stereomicroscope distilled water is usually used. The tin or silver cups should be pre-weighed and usually the fossils will be transferred by forceps into a drop of distilled water within the cups. The water is evaporated at room temperature, in a drying cabinet at higher temperatures (typically <50°) or in a freeze drier. The cups can then be re-weighed to provide an estimate of the sample mass. Blank measurements on tin or silver cups which were filled with a similar amount of distilled water from the sieved samples as cups containing chironomid remains are important to double check whether this procedure leads to detectable contamination in the dried samples by carbonate, or organic precipitates (e.g., van Hardenbroek et al. 2012a) . For analyses of δ 18 O and δD it may be advisable that samples are stored in a desiccator after drying. Microscopic analyses of fossil chironomids are not affected by mild chemical pretreatments (e.g., 10% KOH or HCl solution) as long as the morphology of larval head capsules is not affected. However, the chemical composition of fossils can be modified by these pretreatments even if the morphology is not. As a consequence it is important to establish that the applied pretreatment methods do not affect the stable isotopic composition of the remains. Wooller et al. (2004) tested whether δ 18 O of purified chitin is affected by standard HCl and KOH treatment used in chironomid analysis and could not detect a significant effect. In contrast, in experiments with head capsules of Chironomus riparius, Verbruggen et al. (2010a) were able to show that both alkali and acid treatments can affect the chemical composition of chironomid cuticles and also their δ 18 O values. A noticeable effect was detected even with relatively low concentrations of KOH (10%), although strong effects were restricted to treatments with very high concentration acid and alkali treatments ( Figure  1a ). Verbruggen et al. (2010a) recommend not to use strong acid and alkali treatments and chemical treatments at higher than room temperature for chironomid δ 18 O analysis. These results suggest that chironomid δ 18 O should perhaps best be attempted without any chemical pretreatment of the fossils. However, in a second study Verbruggen et al. (2010b) showed that chironomid fossils prepared for δ 18 O analyses may be contaminated by residual carbonate matter, especially if they originate from sediments with a high carbonate content such as lake marls. They demonstrated that these residual carbonates interfere with δ 18 O measurement and, in an experiment with isotopically heavy water, showed that acid treatment can affect δ 18 O of chironomid cuticles. Verbruggen et al. (2010b) instead recommend treatment with buffered 2M NH4Cl solution to dissolve residual carbonates at a pH of 7.5. Van Hardenbroek et al. (2010) tested the effects of a number of pretreatment methods on δ 13 C of chironomid cuticles, including exposure to 10% KOH, 10% HCl, and 40% HF solution, and a mixed procedure with accelerated solvent extraction followed by a treatment with sodium chlorite and glacial acetic acid (Figure 1b ). They were able to show that these treatments had only a small effect on chironomid cuticle δ 13 C and measured values for all of these treatments were within a range of 1.2‰. The authors concluded that, in contrast to δ 18 O analyses, δ 13 C measurements were affected by standard chemical pretreatments only to a limited extent, indicating that mild treatments with, e.g., 10% HCl or 10% KOH solution for a few hours only should not affect δ 13 C of fossil chironomid remains.
The examples discussed here demonstrate that chemical pretreatments can affect the results of stable isotopic analyses. However, they also show that the effects of an individual pretreatment strongly depend on the element and stable isotope of interest. Based on the available results δ 18 O measurements seem more strongly affected than δ 13 C. The number of fossils needed for analysis is perhaps the most crucial methodological question for research projects assessing the stable isotopic composition of chironomid remains. The minimum sample mass for analyzing stable isotopes on organic matter strongly depends on the quality and nature of the analytical equipment available and the element of interest. Replicate measurements of chitin standards with a known isotopic composition or of chironomid head capsules of cultivated larvae are usually necessary to assess the minimum sample size for a given analytical procedure. For example, Verbruggen et al. (2010a) used samples of purified chitin and Chironomus riparius head capsules, cleaned of soft tissue manually with forceps and with a mild treatment with 10% KOH solution, to assess the minimum weight needed for δ 18 O analysis using a high-temperature conversion (TC) elemental analyzer (EA) coupled to an IRMS. They concluded, based on replicate measurements of different weight, that a minimum sample weight of ca. 40-50 µg was necessary for δ 18 O analysis. Van Hardenbroek et al. (2010) used a similar experimental setup to determine the minimum sample mass for δ 13 C analysis of chironomid remains. They concluded that a minimum of ca. 20 µg was needed to produce a reliable signal for the EA-IRMS equipment available for their measurements. Estimating the number of fossils necessary for an individual measurement based on these minimum weight requirements is complicated by the different size and weight of larval head capsules of different chironomid species and instars. For example, our measurements indicate that the mass of a fourth instar larval head capsule of the large chironomid species Chironomus riparius is ca. 3-4 µg. However, the head capsules of younger instars and smaller specimens, e.g. Orthocladiinae, will weigh only a fraction of this amount. Depending on the species and instar composition, one larval head capsule may be equivalent to ~0.1 to 21.0 µg (Table 1) .
rearing experiments: relating fossil isotopic composition to larval tissue, food and ambient water Rearing experiments are essential for relating stable isotopic analyses of biotic remains to the environmental conditions during the former growth and life of the fossilizing organisms. For example, rearing experiments are available relating δ 18 O of fossilizing structures of lake-living organism groups such as diatoms (e.g., Brandriss et al. 1998 ) and ostracods (e.g., von Grafenstein et al. 1999) to the stable isotopic composition of lake water. These experiments have revealed indicator groupspecific and in many cases more restricted, taxon-specific offsets between δ 18 O of the organism of interest and its environment. For chironomids, a substantial number of modern ecological studies are available that provide information on δ 13 C and δ 15 N Figure . A) Effects of some different chemical pretreatments on the stable oxygen isotopic composition of head capsules of Chironomus riparius. Values are plotted relative to head capsules exposed for 1 h in a 10% KOH solution at 70°C. B) Effects of different pretreatment types on the carbon isotopic composition of Chironomus riparius head capsules. Circles and vertical bars indicate means and standard deviations of replicate measurements, respectively. ASE indicates accelerated solvent extraction, LD the treatment with sodium chlorite and glacial acetic acid described by Leavitt & Danzer (1993) and RT room temperature. Data for A from Verbruggen et al. (2010a) , and for B from van Hardenbroek et al. (2010 (2010; 2012b) . Note that the instar distribution may have varied considerably in the examined sediments and this may explain the large differences in the mean HC weight recorded for the same taxa in surface and down-core samples.
of individual larvae in a range of environments and in different ecosystem types (see, e.g., Grey et al. 2004a, b; Borderelle et al. 2008; Jones et al. 2008) . These measurements are usually based on samples taken from the larval body. However, an offset in isotopic values between the strongly sclerotized cuticle of the head capsule and the soft tissue of chironomid larvae is possible. To correctly interpret the findings of these modern ecological surveys for palaeoecological studies it is therefore also necessary to quantify this offset. For chironomids, experimental studies relating the isotopic composition of their environments to the isotopic composition of the larval tissue are available for the elements and stable isotopes of most interest in a palaeoecological context. Wang et al. (2009) studied the effects of δ 18 O and δD of lake water and food on the stable isotopic composition of cultured Chironomus dilutus larvae (Figure 2C-D) . Based on these experiments they estimated that ca. 69% of the O and ca. 31% of the H in the larvae originate from the habitat water, the residual presumably originating from food. Goedkoop et al. (2006) studied the effects of the stable isotopic composition of diet on δ 15 N and δ 13 C of Chironomus riparius. Since inorganic C and N were not expected to influence the results, the isotopic composition of these parameters was not controlled in the experimental runs. The authors demonstrated that δ 13 C and δ 15 N in the larval tissues were very similar to food ingested by the larvae, with δ 15 N even more similar to the isotopic composition of the diet than expected based on prior food web studies. However, the authors cautioned that δ 15 N of food in their experimental systems seemed to be strongly modified by microbial activity. To our knowledge no detailed studies are presently available that quantify the offset between the stable isotopic composition of the fossilizing structures of chironomid larvae and their soft tissue. In a range of unpublished experiments we provided larvae of Chironomus riparius with a range of food sources originating from both C-3 and C-4 plants or consisting of yeast grown on sugars from C-3 or C-4 plants. The results of these experiments confirm the findings of Goedkoop et al. (2006) that δ 13 C and δ 15 N of chironomid larvae is strongly related to the stable isotopic composition of their food, although in our experiments the relationship was stronger and closer to unity for δ 13 C than for δ 15 N (Figure 2A-B) . Again, microbial activity is a potential influencing factor which may have modified δ 15 N of food available to the larvae within the experimental tanks. Furthermore, our experiments revealed that δ 13 C and δ 15 N of the head capsules are very similar to the stable isotopic composition of the larval soft tissue, with an offset of ~1‰ apparent for both δ 13 C and δ 15 N (Figure 2A-B) . These results indicate that for C and N the stable isotopic composition of fossil chironomid assemblages can be directly compared with the isotopic values measured on entire chironomid larvae in modern ecological studies as long as this offset is taken into account.
The few rearing and culturing experiments presently available highlight the need for additional studies exploring the relationship between the stable isotopic composition of chironomid larvae, the larval head capsules and the food and water to which the larvae are exposed. Available results indicate that chironomid δ 13 C, δ 15 N, δ 18 O and δD are closely and systematically related to the isotopic composition of the food ingested by the larvae and, for δ 18 O and δD, of the lake water. For δ 13 C and δ 15 N first results indicate a very minor offset between the isotopic composition of the head capsule and of the remaining tissue, whereas for δ 18 O and δD this offset remains to be explored. However, to date no information is available concerning the effects of temperature on the stable isotopic composition of the larvae relative to their food and ambient water. A direct temperature dependent fractionation during the formation of the cuticle, as observed during the formation of biogenic carbonate and silicate structures, is not expected for organic structures. Nevertheless the strong influence of temperature on a range of physiological processes in the larvae and their environments makes an indirect temperature effect possible. Future experimental studies should therefore focus on determining the offset between the stable isotopic composition of chironomids and their head capsules for δD and δ 18 O and on determining the effects of temperature on larval chironomid δD, δ 13 C, δ 15 N and δ 18 O.
Ecosystem-scale studies
Studies examining the stable isotopic composition of chironomid remains deposited in lakes and linking these measurements to environmental conditions within and around lakes are still rare. Wooller et al. (2004) , in their pioneering study, analysed δ 18 O of chironomid remains in the surface sediments of four lakes along the North American east coast. They demonstrated that δ 18 O of chironomid head capsules was correlated with δ 18 O of precipitation. Their study confirmed that chironomid δ 18 O can provide insights into past changes in δ 18 O of precipitation, and, indirectly, on past climatic changes. Verbruggen et al. (2011) examined the relationship between δ 18 O of chironomid and cladoceran remains, lake water, and expected precipitation for 31 lakes in Europe. These lakes covered a wide range in latitude and, consequently, also in lake water δ 18 O. Verbruggen et al. (2011) showed that a correlation exists between expected δ 18 O in precipitation and δ 18 O of both chironomid and cladoceran remains deposited in these lakes. However, invertebrate δ 18 O was even more closely and linearly related to δ 18 O of lake water ( Figure 3A) . The authors concluded that both chironomid and cladoceran remains can provide insights into past lake water δ 18 O changes. An interesting finding was that the examined cladoceran remains, mainly the ephippia (resting eggs) of Daphnia, had δ 18 O values which were consistently lower than measured for the chironomid head capsules. This may reflect that chironomid and cladoceran remains may be produced in different seasons and habitats in the lake, or the offset may be related to different diet and metabolism or to a different chemical composition and microstructure of the remains. Considering the large variations in lake water δ 18 O observed within lakes during the seasonal cycle and between habitats, seasonality and habitat preference seem the most likely explanation for this offset, although detailed studies of the spatial and temporal variability of δ 18 O of different invertebrate taxa in lakes will be necessary to further explore this hypothesis.
In contrast to studies on δ 18 O of fossil chironomid assemblages, which cannot rely on any published surveys of the isotopic composition of modern chironomid larvae, a number of studies have examined δ 13 C and δ 15 N of aquatic invertebrates, including chironomids, in lakes (e.g., Grey 2006; Jones et al. 2008) . These studies have shown that δ 13 C in aquatic invertebrates mainly reflects the isotopic composition of the food ingested by the larvae and ultimately the organic carbon source. δ 15 N is also strongly related to the basal nitrogen source. However, δ 15 N values are also affected by the trophic level of the organisms within a food web (Minagawa & Wada 1984; Post 2002 ). δ 13 C and δ 15 N of chironomid larvae can be very variable, ranging from -72.3 to -15.1‰ for δ 13 C and -7.8 to 15.6‰ for δ 15 N (Grey et al. 2004b; Harrod & Grey 2006; Jones et al. 2008) . A major reason for the variability of δ 13 C in chironomids is that the carbon isotopic composition of algae can be very variable, ranging from values as low as -44.1‰ in exceptional circumstances to -8.2‰ (e.g., Beaudoin et al. 2001; Pel et al. 2003 ). In addition, chironomid larvae of some genera, e.g., Chironomus, Stictochironomus and Propsilocerus, seem to be able to produce a significant amount of their biomass from organic carbon originating from methane (Kiyashko et al. 2001; Grey et al. 2004b; Jones et al. 2008; Ravinet et al. 2010) . In lakes, methane is characterized by very low (depleted) δ 13 C values ranging from -80 to -50‰ (Whiticar et al. 1986 ) and can be oxidized and fixed by methane-oxidizing (methanotrophic) bacteria (MOB). As a consequence, organisms feeding on these MOB may have exceptionally low δ 13 C values. Laboratory and field studies have shown that, e.g., larvae of Chironomus can be characterized by δ 13 C values as low as -72.3‰ (Jones et al. 2008) , and that carbon of methanotrophic bacteria is ingested and incorporated into larval biomass (Deines et al. 2007a, b) . Van Hardenbroek et al. (2010) demonstrated that, since methanogenic carbon can be incorporated into the larval head capsules as well, δ 13 C measurements on fossil chironomid remains may have the potential to provide insights into the past methane availability and abundance in lakes. To explore this issue further van Hardenbroek et al. (2012a) studied δ 13 C of chironomid remains in lake surface sediments in seven Swedish lakes. They showed that δ 13 C of Orthocladiinae tended to be higher than δ 13 C of other chironomid groups. Furthermore, they found that δ 13 C of Chironomini was strongly and significantly correlated with methane flux measured at the surface of the study lakes ( Figure 3B ), whereas δ 13 C of other chironomid groups such as the Tanytarsini, Tanypodinae and Orthocladiinae was not as strongly, or not at all, related to methane flux. Van Hardenbroek et al. (2012a) caution that their results should be reproduced in additional lakes and that their interpretations are based on a relatively small dataset. However, their results also suggest that different chironomid groups may have different susceptibilities for their δ 13 C to be influenced by the presence and abundance of methane, with the Chironomini the group most prone to incorporating carbon from methane in lakes with high methane availability. A more extensive study of the relationship between methane flux in lakes and δ 13 C of invertebrate remains, based on samples from both Sweden and Northeast Siberia (van Hardenbroek et al. 2012b) , recently confirmed the initial findings of van Hardenbroek et al. (2012a) . In contrast to studies on chironomid δ 18 O, the influence of the isotopic composition of inorganic sources of carbon in lakes on the isotopic composition of chironomids has not yet been explored. For example it is presently unclear how closely chironomid δ 13 C is related to δ 13 C of dissolved inorganic carbon or of methane.
Although the available ecosystem-scale studies highlight the potential of carbon and oxygen isotopic analyses for reconstructing past climatic variations and ecosystem processes, it is clear that further research at the ecosystem scale is necessary to understand, calibrate and expand the approaches. For example, the amplitude and timing of changes in both δ 13 C and δ 18 O throughout the year in inorganic and organic compartments of lake ecosystems, and the influence of this variability on chironomid larvae, is still poorly explored. Similarly the effects of these variations on the stable isotopic composition of fossil assemblages in different parts of lake basins remain to be examined in detail. For example, it is known that sampling depth and location within a lake basin can influence the performance of other approaches to palaeoecological reconstruction (e.g., Heiri et al. 2003) . The few available surveys examining the variability of δ 13 C of invertebrate remains within lakes suggest that sampling depth and location may affect measurements of stable isotopes in invertebrate remains as well (van Hardenbroek et al. 2012a ; Figure 4 ).
down-core records
At present few records are available describing past changes in the stable isotopic composition of chironomid remains. Wooller et al. (2004) described two chironomid-based reconstructions of past temperature changes, each based on both chironomid δ 18 O analyses and changes in the taxonomic composition of the chironomid assemblages. The first record, originating from Qipisarqo Lake, Greenland, indicates millennial-scale variations in both δ 18 O and chironomid-inferred surface water temperature during the past ca. 8500 years. Both approaches suggest a warmer climate during the earlier part of the record, although δ 18 O values indicate a slightly earlier and more pronounced cooling than estimates based on the taxonomic composition of the Chironomidae ( Figure 5A ). For a second record from Fog Lake, Baffin Island, characterized by a major unconformity, Wooller et al. (2004) produced similar results. Chironomid δ 18 O reconstructs different temperatures for different sections of the sediment record, with relatively high values recorded before ca. 32,000 years BP and after ca. 8000 calibrated radiocarbon years BP (cal. BP). In an intercalated section representing ca. 11,000 to 8000 cal. BP, δ 18 O was very variable but in general typical for a cooler climate. Reconstructed temperatures based on the taxonomic composition of chironomid assemblages roughly followed these variations but indicated consistently cool temperatures between ca. 11,000 and 8000 cal. BP. These records demonstrate both the potential and problems associated with this combined approach based on chironomid δ 18 O and taxonomic changes in the chironomid assemblages. The two approaches can support and strengthen each other in sections of the record where inferred changes in temperatures are synchronous and run parallel. However, lake water δ 18 O is not only related to past annual air temperatures but can be strongly influenced by other local and climatic effects as for example evaporation of lake water and changes in the seasonality of precipitation. Furthermore, it can be expected that lake water δ 18 O does not only reflect summer conditions and the parameter therefore likely records a different seasonal component of past temperature change than the changes in chironomid assemblage composition, which are typically interpreted to reflect conditions during the summer months. In sections of sediment records where chironomid δ 18 O and assemblage based approaches suggest a diverging pattern of climatic change this may be because δ 18 O is affected by evaporative effects or by seasonally variable changes in past temperatures.
In a different study Verbruggen et al. (2010b) examined δ 18 O of the remains of chironomid larvae preserved in lateglacial sediments from Rotsee, Switzerland. The site had previously been studied for δ 18 O of lacustrine carbonates and, as a consequence, past variations in δ 18 O of the water in Rotsee were relatively well constrained. Verbruggen et al. (2010b) were able to show that chironomid δ 18 O closely followed the expected trends in lake water δ 18 O inferred from the lacustrine carbonate record (Figure 5b ). Minor differences in variations of δ 18 O between the two records were to be expected since δ 18 O of precipitating Figure 5 . Examples of down-core records of stable isotopic compositions of chironomid remains. A) δ 18 O of chironomid remains isolated from the sediments of Qipisarqo Lake, Greenland, compared with reconstructed surface water temperature based on taxonomic changes in the chironomid assemblages (redrawn from Wooller et al. 2004 ). B) δ 18 O of chironomid remains and of carbonate in the late glacial sediments of Rotsee, Switzerland (redrawn from Verbruggen et al. 2010b). carbonates is strongly influenced by the temperature of ambient lake water, whereas no direct temperature effect is expected on δ 18 O during formation of chironomid cuticles. The results of Verbruggen et al. (2010b) demonstrate that chironomid δ 18 O can accurately follow past changes in lakewater δ 18 O and that the approach provides a viable alternative for producing δ 18 O records at sites lacking carbonates. Wooller et al. (2008) presented multiple stable isotope records based on fossil chironomid remains from Stora Vidarvatn, a lake in north eastern Iceland. The authors were able to demonstrate that the lake experienced distinct changes in δ 18 O, suggesting that it has been exposed to large variations in climate during the past ca. 12,000 years. Since changes in chironomid δ 18 O did not co-vary with changes of δ 13 C and δ 15 N of the chironomid remains, the authors concluded that variations in diet were not driving the shifts in chironomid δ 18 O. The authors discussed the possible implications of past changes in air mass trajectories over northeast Iceland and variations in precipitation seasonality for lake-water δ 18 O. Furthermore, they again compared chironomid δ 18 O with a temperature reconstruction for Stora Vidarvatn based on past changes in chironomid taxonomic composition. Wooller et al. (2012) and van Hardenbroek et al. (2012b) recently presented down-core records of fossil invertebrate δ 13 C from arctic lakes in Alaska and Northeast Siberia, respectively. Wooller et al. (2012) analysed δ 13 C and δ 18 O of chironomid head capsules and δ 13 C of ephippia of Daphnia. Whereas chironomid δ 13 C only showed relatively minor changes over the length of the 12,000 year record, Daphnia ephippia were characterized by larger variations and very depleted δ 13 C values as low as -39‰ in some sections of the record. The authors interpret major changes in the carbon isotopic composition of these remains as indicative of intermittent phases of higher methane release from the studied lake. Van Hardenbroek et al. (2012b) analysed δ 13 C of the head capsules of different chironomid groups (Chironomini, Chironomus, Orthocladiinae, Tanypodinae, and Tanytarsini), and of Daphnia ephippia. In their record, δ 13 C of some chironomid groups remained relatively stable during the past ca. 1000 years. In contrast, the carbon isotopic composition of groups known to be able to feed on methane oxidizing bacteria, such as the Chironomini and Daphnia, showed marked variations. Van Hardenbroek et al. (2012b) interpreted this as indicating past changes in methane availability within the lake, leading to an enhanced uptake of methanogenic carbon in some invertebrate groups when methane was more abundant in the lake. Griffiths et al. (2010) analyzed δ 15 N in fossil chironomid remains of two arctic ponds strongly influenced by sea bird colonies. The δ 15 N values in chironomid remains tracked overall changes in δ 15 N of bulk organic matter. However, since variations in δ 15 N of Daphnia remains in the sediment sequence indicated a different development of lake water δ 15 N, the authors concluded that further studies would be necessary to determine what influences the stable nitrogen isotopic composition in these invertebrate remains.
CONCluSIONS
The limited number of datasets and surveys presently available that study the stable isotopic composition of chironomid remains indicate that the approach has the potential to provide reconstructions of both climatic changes (e.g., based on δ 18 O and δD analyses) and ecosystem processes (e.g., based on δ 13 C and δ 15 N). However, it is also clear that additional efforts are necessary to improve the methodology and further refine the datasets and information needed to reliably interpret downcore chironomid stable isotope records. Additional experiments will be necessary to increase our understanding of the effects of pretreatments on the stable isotopic composition of fossil chironomid remains, and to better constrain the relationship between the isotopic composition of lake water and food ingested by the larvae and the stable isotopic composition of their tissue and fossilizing structures. Ideally such experiments would be based on a range of chironomid species from different subfamilies or different feeding guilds in order to assess the extent to which the results are affected by differences in metabolism and behaviour. Furthermore, it will be essential to improve our understanding of the seasonal changes in the stable isotopic composition of chironomid larvae and of how this seasonality influences the stable isotopic values measured on fossil samples. As the examples discussed in this review have demonstrated, both laboratory based methodological and rearing experiments and ecosystem-scale, multi-site studies relating the stable isotopic composition of individual taxa and larval assemblages to environmental parameters of interest are necessary to further develop the approach. This will allow more closely constrained inferences of past environmental conditions in and around lakes based on the analysis and interpretation of stable isotopes in fossil chironomids.
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